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Abstract 
 
Solutions of xylan and xylose in 1-ethyl-3-methylimidazolium acetate [C2mim] [OAc], a room temperature 
ionic liquid, were examined across a range of temperatures (20 °C - 70 °C) using: NMR spectroscopy; 
diffusion; low-field (20 MHz) spin-lattice and spin-spin relaxation times; and rheological measurements 
through the zero shear rate viscosity. The addition of xylose and xylan affect the mobility of the ions, with a 
decrease occurring when the carbohydrate concentration is increased. The ratio of the diffusion coefficients 
for the anion to the cation remained constant upon the addition of both xylan and xylose, showing that the 
anion and cation were equally affected by the presence of the carbohydrate. The translational diffusion motion 
of the ions in the xylose solutions were similar in value to published results for cellobiose, which we explain 
in terms of the number of available carbohydrate OH groups that the ions are interacting with. We observe 
from the various NMR results that the dissolving mechanism of xylan in [C2mim] [OAc] is similar to that for 
cellulose. 
 
  
  
4.1 Introduction 
 
Nuclear Magnetic Resonance (NMR) is employed to determine both molecular structure and dynamics in a 
wide range of scientific disciplines. NMR can study the chemical and physical properties of molecules in 
solution and solid state; it can determine crystallinity, solubility of solution1, phase changes, conformational 
exchange, diffusion and rotational motion2. This is all achieved by exploiting the spin / magnetic properties 
of certain NMR active nuclei. If these nuclei are within a liquid then they will move randomly about through 
a process of diffusion, known as Brownian motion. If this liquid is within an applied magnetic field that has a 
spatial dependence, a field gradient, then this will cause the nuclear processional frequencies to vary with 
time. It is this phenomenon that enables NMR to quantify the diffusion of the nuclei, through the detection of 
the resultant time dependence of the NMR signal that itself is a result of the time dependence of these 
processional frequencies 3. The self -diffusion coefficient, D, can be defined by the position r(t) of the 
molecule or ion in the medium at a given time t, through the classic Einstein equation 4  ൏ ሾݎሺݐሻ െ ݎሺ ?ሻሿଶ ൐ൌ  ?ܦݐ          (4.1) 
The value of the diffusion coefficient depends on the shape of the ions/molecules, their size, and the 
viscosity of the solution they are within5, 6. The correlation between translational diffusion of ions/molecules 
and the thermal energy in a viscous medium is given by the classic StokesെEinstein relationship4. ܦ ൌ  ଵ௙ఎ ൈ ௞்଺గோಹ           (4.2) 
where k is the Boltzmann constant, T is the temperature, Ș is the viscosity of the solution and ܴ ுis the effective 
Stokes radius of the ion or molecule. The constant ¦LVDFRUUHFWLRQWHUP, also known as the micro-viscosity 
pre-factor. It is equal to 1 when the diffusing particle is much larger than the size of the surrounding molecules 
that make up the medium through which it diffuses 7. It can also be less than one if the particle is similar in 
size to the surrounding molecules that comprise the viscous medium 6, 8. According to McLaughlin, the value 
4 should be used instead of the 6 in the Stokes-Einstein equation, when the size of the diffusing particles is 
the same as that of the surrounding molecules, which in effect makes f=2/3 in the above equation6, 9. At room 
temperature, the values of diffusion coefficient are typically in the range between  ? ?ିଽ݉ଶݏǇ ? and  ? ?ି ଵଶ ݉ଶݏǇ ? for molecules in liquids 10, 11. The hydrodynamic radius, ܴு ǡ of particles can be determined from the 
diffusion coefficient and the ratio of the temperature to viscosity through this Stokes-Einstein equation. The 
effective hydrodynamic radius, ܴுǡ௜, of a molecule in a solution can also be estimated through the average 
volume that it occupies via the following equation6, 12: ܴுǡ௜ ൎ ଵଶ ቀ௏೘ǡ೔ேಲ ቁభయ ൌ ଵଶ ቀ ெ೔ఘேಲቁభయ          (4.3) 
  
where  ஺ܰ is the Avogadro number,ߩ is density of the medium, ܯ௜ is the molar mass and ௠ܸǡ௜ is the molar 
volume of the diffusing particles i. Equation 4.3 is used in many studies and has been shown to give reasonable 
approximate values for the effective radii of ions 6, 11-13. 
 
In a system of interacting NMR active nuclei the relaxation times T1 and T2 can be related to a rotational 
correlation time, ߬௥௢௧. These relaxation times and this correlation time depend on temperature; two regimes 
can be identified by comparing the correlation time to the Larmor precessional frequency of the nuclei, ߱. 1) 
Liquid regime, found at a high-temperature limit when relaxation times T1 and T2 are approximately equal, 
here both relaxation times increase as temperature increase, and ȦĲrot << 1. 2) Solid regime, found at low 
temperature and T1 >> T2, here T1 rises with decrease in temperature, while T2 reduces DQGȦĲrot >> 1. The 
cross over from one regime to the other occurs at a minimum in T1 when ȦĲrot =  0.62 6, 14, 15. 
 
According to Bloembergen-Purcell-Pound (BPP) theory, in the liquid regime, the relaxation times T1 and T2 
can be determined for an isolated spin pair, consisting of two protons separated by a distance ݎுିு, through, ଵ భ்  ൌ ଵ మ்  ൌ  ? ?ܣ߬௥௢௧           (4.4) 
where A is a constant defined as follows:  ൌ  ଷଶ଴ ߛସ¾ଶሺఓబସగሻଶݎுିுି଺           (4.5) 
where ߛ is the gyromagnetic ratio of protons, ¾ is the reduced Planck constant, and ߤ଴ is the permeability of 
free space 14, 15. 
 
The rotational correlation time,߬௥௢௧ can be related to the size of the rotating molecule through the Debye-
Einstein equation for spherical molecules, as: ߬௥௢௧ ൌ  ?  ?ൗ ߨܴுଷ ఎ௞ಳ்            
ZKHUHȘ is the zero shear rate viscosity. The above equations 4.4, 4.5 and 4.6 can be combined to give a 
relationship between relaxation times, viscosity and hydrodynamic radius, as: 
ଵܶ ൌ  ଶܶ ൌ  ଷ௞ಳሺସ଴గ஺ோಹయሻ ܶ ߟൗ           (4.7) 
This equation will be applied to experimental data to determine the effective hydrodynamic radii, ܴு of ions 
in our samples. 
  
 
Ionic liquids (ILs) are organic salts that have a melting point below 100°C, with some being liquids even 
below room temperature 16, 17 ,/V FDQ EH IRUPHG IURP QXPHURXV GLIIHUHQW DQLRQV FRPELQHG ZLWK PDQ\
GLIIHUHQW FDWLRQV   7KH PRVW FRPPRQ FDWLRQV XVHG DUH LPLGD]ROLXP S\ULGLQLXP DPPRQLXP DQG
SKRVSKRQLXPGHULYDWLYHV 7KHRQHPRVW IUHTXHQWO\XVHG IRUELRPDVVSURFHVVLQJ LQFOXGLQJFHOOXORVH LV
LPLGD]ROLXP ,RQLF OLTXLGVKDYHEHHQHPSOR\HG LQPDQ\ ILHOGV VXFKDVVROYHQWV LQFDWDO\VLVVHSDUDWLRQ
WHFKQRORJ\ DQG HOHFWULFDOO\ FRQGXFWLQJ IOXLGV   ,Q  *UDHQDFKHU SURSRVHG WKH XVH RI PROWHQ 1
PHWK\OS\ULGLQLXPFKORULGHDVDVROYHQWWRGLVVROYHFHOOXORVHDQGREVHUYHGWKDWWKLVVDOWKDVDUHODWLYHO\ORZ
PHOWLQJSRLQWDWMXVW&,RQLFOLTXLGVKDYHEHHQHPSOR\HGIRUGLVVROXWLRQKRPRJHQHRXVGHULYDWL]DWLRQ
DQG ELRPDVV SURFHVVLQJ 6ZDWORVNL RULJLQDOO\ UHSRUWHG RQ EXW\OPHWK\OLPLGD]ROLXP FKORULGH [BMIM] 
[Cl], EHLQJ WHFKQLFDOO\ WKH ILUVW XVHRI DQ LRQLF OLTXLG LQ WKH ILHOGRI FHOOXORVH WHFKQRORJ\ 7KHPRVW
LPSRUWDQW UHDVRQV WR VHOHFW ,/V WR SURFHVV ELRPDVV DUH WKHLU µµJUHHQ¶¶ FUHGHQWLDOV ORZ YDSRXU SUHVVXUH
SRWHQWLDOYDULHW\µµGHVLJQHU¶¶VROYHQWVDVZHOODVWKHDGYDQFHGXQGHUVWDQGLQJRIWKHVROYHQWV¶SURSHUWLHVWKDW
KDYH GHYHORSHG 0RUHRYHU WKH XVH RI ,/V ZLOO DOORZ DQ LQFUHDVH LQ VROXWLRQ HIILFLHQF\ DQG UHGXFWLRQ RI
XQGHVLUDEOHVROYHQWVFRXSOHGZLWKFRQWURODQGIOH[LELOLW\LQWKHSURFHVVLQJPHWKRGRORJ\ 
 
Over the last two decades, the LRQLFOLTXLGHWK\OPHWK\OLPLGD]ROLXPDFHWDWH>&PLP@>2$F@ has received 
much attention as an excellent solvent WRGLVVROYHSRO\PHUVVXFKDVFHOOXORVHDQGPROHFXOHVVXFKDVcarbon 
dioxide 22, 30, 31 >&PLP@ >2$F@KDV PDQ\GHVLUDEOHSURSHUWLHV VXFKDV D ORZHUPHOWLQJSRLQW QHJOLJLEOH
YDSRXUSUHVVXUHDQGUHODWLYHO\ORZYLVFRVLW\FRPSDUHGZLWKRWKHU,/VLQDGGLWLRQLWKDVJRRGWKHUPDOVWDELOLW\
7KHUHIRUH>&PLP@>2$F@LVXWLOL]HGLQWKLVZRUNDVWKHVROYHQWWRGLVVROYHDYDULHW\RIFDUERK\GUDWHV
VXFKDVJOXFRVHFHOORELRVHDQG[\ODQ7KHFKHPLFDOVWUXFWXUHRIWKH,/>&PLP@>2$F@VROYHQWLVVKRZQLQ
Figure 4.17KLVVROYHQWFRQVLVWVRIWKHLPLGD]ROLXPFDWLRQ>&PLP@DQGWKHDFHWDWHDQLRQ>2$F@ 
 
[Figure 4.1 near here] 
 
Recently, the dissolution of carbohydrates (polysaccharides and monosaccharides) in ionic liquids have 
attracted attention, both academically and within industry 34. Carbohydrates are molecular compounds that are 
  
made from elements: hydrogen, oxygen, and carbon35. Here, the structure of four carbohydrates so far 
described are shown in Figure 4.2. 
 
&HOOXORVHLVWKHZRUOG¶VPRVWabundant naturally occurring biopolymer, found in plants, bacteria and fungi 
and is predicted to become the largest source of renewable materials 36, 37. In 1838, the first research on 
cellulose was carried out by Anselme 38. Cellulose has numerous significant applications in the fibres, paper 
and paint industries. It has a hydrogen-bonded supramolecular structure, containing D-anhydroglucopyranose 
units connected by ȕ ĺ JO\RVLGLF ERQGV 39, 40. Hydrogen bonds form between the hydroxyl group of 
neighbouring chains and give toughness and strength to the cellulose structure 41. Cellulose is insoluble in 
most organic solvents and water. Therefore, there has been significant effort to find ways to process cellulose 
using new solvents and reagents42, dating back to the viscose method that uses carbon disulphide 43. The 
viscose process was developed by scientists Charles Frederick Cross and Edward John Bevan. In 1892, they 
REWDLQHG%ULWLVK3DWHQWQRIRUµµ,PSURYHPHQWVLQ'LVVROYLQJ&HOOXORVHDQG$OOLHG&RPSRXQGV¶¶44.  
 
After cellulose xylan is the second most abundant biopolymer, on earth 45. Xylan is found in the cell walls of 
plants and comes in a wide range of structures, where this diversity in structures is correlated with their 
functions in the plants they are found. It is a polysaccharide and consists predominantly of ȕെĺ± linked 
xylose residues 46. The differences in the xylan backbone structure depends on the botanical source. The 
composition of the xylan backbone commonly contains a galactose, xylose, arabinose and mannose, as well 
as an esterase group (acetyl and ferulic acid). Like cellulose, xylan is insoluble in water 46. Recent studies are 
interested in employing xylan in numerous applications, such as paper, food industry, biofuel, as well as in 
pharmaceutical as a prodrug. Xylan ester have been employed as a carrier drug and also sulphate derivatives 
to use as antiviral drugs 47, 48. Xylose is a monosaccharide and can be derived from hemicellulose, such as 
xylan 21. Xylose has a variety of industrial applications such as in pharmaceutical and food production. 
Cellobiose, which will be investigate here, is a disaccharide and consists of two Dെglucopyranose units 
connected by a ȕ ĺglyosidic bond 49, 50.  
[Figure 4.2 near here] 
  
   
4.2 Experimental Methods  
 
$ %UXNHU$YDQFH ,, 0+] VSHFWURPHWHU ZLWK GLIIXVLRQ SUREH 'LII  ZDV XVHG IRU WKH GLIIXVLRQ
PHDVXUHPHQWV7KHPHDVXUHPHQWRI UHOD[DWLRQ WLPHV7 DQG7ZHUHSHUIRUPHGRQD0+]³ORZ´ ILHOG
0DUDQ%HQFKWRS105VSHFWURPHWHU 
 
4.2.1 NMR Diffusion 
 
Diffusion was measured using the method of NMR stimulated echo pulse sequence with bipolar gradients 51, 
52
, which is produced by a combination of magnetic field gradients and radiofrequency pulses (PFGSE) 53, 54. 
Bipolar gradients, g is used for dephasing and rephasing the magnetization positions during the time  ?, and ߜ 
is the pulse duration of the joint pair of bipolar pulses.54. Experimentally, attenuation of the signal of the 
intensity of ions in PFGSE is provided by equation 4.8 55, 56. ݈݊ሺ ܵ௜ ௜ܵ଴ൗ ሻ ൌ െܦ௜ߛଶ݃ଶߜଶሺ ? െߜ  ?ൗ െ ߬  ?ൗ ሻ        (4.8) 
whereܦ௜ and ௜ܵ are a diffusion coefficient and the measured signal intensity of ions respectively. ௜ܵǡ଴is an 
initial signal intensity,  ? the time between bipolar gradients, g the gradient strength, and߬ is a period 
separating the starting of each pulse pair. The parameters used were  ? 60ms, ߜ 2-5ms, g was incremented up 
to 20 Tm-1 (gradient field strength was confirmed using water at 20 °C),57 and ߬ was kept constant at 2ms 6, 
57-59
. 
 
4.2.2 NMR Relaxometry 
 
The inversion recovery method is the pulse sequence 180°ݔ-߬-90°ݔ and is utilised to measure the relaxation 
time T1. After the initial 180° pulse the net sample magnetisation M points along the negative Z-direction and 
then during ߬ M relaxes until it eventually (Wof) returns to the original and equilibrium position, pointing 
parallel to the positive Z-direction 60, 61. This sequence is repeated for various W values and ܯ௭ as a function 
of ߬ is recorded. This function is then fitted to a single relaxation time expression given by:  ܯ௓ ൌ  ܯ଴൫ ? െ  ?݁ݔ݌ି ఛ ்ଵൗ ൯          (4.9) 
  
 
The pulse sequences for measuring spin-spin relaxation time, T2, was developed by Carr and Purcell in 1954 
3
. Experimentally, T2 LV PHDVXUHG E\ µµ ?x-߬-(180 ?x-߬-measure-߬-)n¶¶ ZKLFK LV NQRZQ DV &DUU 3XUFHOO
Meiboom Gill (CPMG) sequence 3, 61. Experimentally, the relaxation time is approximately exponential and 
is governed by Equation 4.10. In the transverse relaxation measurement, the magnetization is kept within the 
XY plane61. The value of magnetisation in the y-direction can be calculated by the equation: ܯ௬ = ܯ଴ ݁ݔ݌ି௧ ்ଶൗ            (4.10) 
where My is magnetisation in transverse plane at the echo timeǡ ߬. The pulse sequence is employed to eliminate 
the effects of field inhomogeneities on the measured relaxation time 3, 8, 58, 62. 
 
4.2.3 Viscosity 
 
All rheological measurements were carried out for all carbohydrates solutions using a dynamic stress-
controlled rheometer (Kinexus Ultra, from Malvern) equipped with a cone-plate geometry (4°- 40 mm) and a 
temperature control system, using software called rSpace. A thin film of low-viscosity silicone oil was added 
around the edges of the plates to prevent moisture-contamination during the viscosity measurements. The 
Cross ± Viscosity Equation has been used to extrapolate to the zero shear rate viscosity, ߤ଴ 63. Steady-state 
measurements were recorded for temperature between 20 °C to 60 °C inclusive in 10 °C steps, before the 
experiment was run. 
 
4.2.4 Materials 
 
7KH LRQLFOLTXLGHWK\OPHWK\OLPLGD]ROLXPDFHWDWH[C2mim] [OAc]VROYHQWZDVSXUFKDVHGIURP6LJPD
$OGULFK SXULW\   KLJKHVW REWDLQDEOH D-xylose and cellulose powders were obtained from Sigma 
Aldrich with a purity of ൒ 99% for NMR and viscosity measurements. ;\ODQZDVH[WUDFWHGIURPSXOSLQJRI
SULPDU\ELUFKZRRGLQWKHIRUPRIDZKLWHSRZGHUDQGLWZDVREWDLQHGIURPWKHFRPSDQ\%LOOHUXG.RUVQlV 
7KHFDUERK\GUDWHFRPSRVLWLRQRI[\ODQLVE\GU\ZHLJKWIUDFWLRQ[\ORVHJOXFRVHJDODFWRVH
DUDELQRVHDQGPDQQRVH7KHUHDUHRWKHUFRPSRQHQWVLQ[\ODQVXFKDVOLJQLQDQGDVK 
 
 
  
4.2.5 Sample Preparation 
 
'[\ORVHDQG[\ODQZHUHGULHGLQYDFXXPDW&IRUKEHIRUHXVH'[\ORVHDQG[\ODQZHUHLQGLYLGXDOO\
GLVVROYHGLQ>&PLP2$F@VROYHQWWRSUHSDUHWZRVHWVRIILYHVDPSOHVZLWKGLIIHUHQWZHLJKWIUDFWLRQZHLJKW
IUDFWLRQDQG&DUER\KGUDWHVROXWLRQVZHUHVWLUUHGXQGHUQLWURJHQJDVLQDQ0%UDXQ
/DE0DVWHU$WPRVSKHULFFKDPEHUSUHVHUYHGDWDGHZSRLQWEHWZHHQԨDQGԨ7KH105WXEHV
RIVDPSOHVZHUHVHDOHGWRSUHYHQWFRQWDPLQDWLRQZLWKZDWHUIURPWKHDWPRVSKHUHZLWKLQWKHFKDPEHU Low 
concentrations of xylose took  ?48h to dissolve in [C2mim] [OAc] while high concentrations (5%, 10% and 
15%) approximately 1 week, these samples were prepared without heat. All carbohydrates solutions were 
placed in the NMR tubes with depths less than 1 cm to reduce convection currents on heating in the NMR 
machine. By doing this, we followed the guidance set out by Annat et al 64. 
 
4.3 Results and Discussion 
 
4.3.1 Xylose Results 
 
4.3.1.1 NMR Diffusion  
 
¹HNMR spectroscopy, diffusion, and low field relaxometry (20MHz), across the temperatures range (20 °C 
to 60 °C), were used to examine the influence of D-xylose on the ions of the IL [C2mim] [OAc]. The ¹H NMR 
spectrum displays seven peaks, each peak corresponds to a chemically distinct proton within the ionic liquid 
molecule, see Figure 4.1 33. During measurements of NMR diffusion, it was found that the diffusion 
coefficients of all cations resonances were approximately equal. The diffusion data of xylose will be compared 
to cellobiose data, which is taken from Ries et al. 49, to understand the influence of carbohydrate structure, in 
particular the number of available OH groups, has on that the ions. $Q$UUKHQLXVW\SHHTXDWLRQZDVXVHGWR
PRGHOWKHWHPSHUDWXUHGHSHQGHQFHRIWKHVHOIGLIIXVLRQFRHIILFLHQWVRIWKHLRQVܦ௖௔௧Ȁ௔௡DWDOOWKH[\ORVHDQG
[\ODQZHLJKWIUDFWLRQV ܦሺ௖௔௧ǡ௔௡ሻ  ൌ ܦ଴݁ݔ݌ሺషಶಲǡವೃ೅ ሻ          (4.11) 
  
where EA is the translational activation energy for the ions, R is the universal gas constant, T is temperature, 
and ܦ଴ is the zero activation energy limiting value (sometimes known as the high temperature limiting value) 
of the diffusion coefficients for the ions 49. 
 
In Figure 4.3 (a, b) the solid lines are the Arrhenius fits. The mobility of anions and cations decrease with an 
increase in xylose weight fraction. The values of diffusion coefficients increase with increase in temperature, 
as expected. Figure 4.4 presents the ratio of diffusion coefficients of anions to cations as a function of 
temperature for xylose and cellobiose49. The ratio of diffusion coefficients of the anion to the cations for all 
xylose and 1% and 15% cellobiose concentrations, for comparison, were calculated from the data which is 
presented in Figure 4.3 As the temperature increased the ratio of anion [OAc] to cation [C2mim] diffusivities 
remained constant, with only a slight dependence on the xylose weight fraction. The 1% and 15% cellobiose 
data display a similar temperature and concentration dependences. This suggests that both carbohydrates have 
a similar dissolving mechanism, which thus affects the translational motion of the ions similarly. Cellobiose 
and xylose have the same number of OH groups per molecule, 4, and this number has been shown to be the 
key factor in influencing the diffusion of the surrounding ions49. The ratio of anion [OAc] diffusion 
coefficients to that of catiRQ>&PLP@LVOHVVWKDQ7KLVLVNQRZQDVµDQRPDORXV¶GLIIXVLRQ, since the anion 
is geometrically smaller than the cation and therefore is expected to diffuse faster, but experimentally does 
not. 
 
[Figure 4.3 near here] 
[Figure 4.4 near here] 
 
4.3.1.2 Proton Chemical Shift 
 
The chemical shift ¨įof the resonances on the addition of carbohydrate was determined from the 1H spectra, 
this is the change for each resonance from the pure IL [C2mim] [OAc] ³VWDUWLQJ´position caused by the 
addition of the carbohydrate. Figure 4.1 shows the labelling of proton resonances in the structure of IL 
[C2mim] [OAc]. The chemical shift  ?ߜ of protons resonances was calculated using ߜ resonance peak 5 as the 
reference position, as described elsewhere 65. Protons of imidazolium ring [C2mim] have negative values of 
¨įDQGa relatively large movement for peak 2, which is the most acidic proton. Peak 6 belongs to the anion 
[OAc] and peak 7 to a cation methyl group, and these both display positive values of ¨įFigure 4.5 shows at 
40Ԩ, the movement of peak positions, this indicates that the addition of xylose and cellobiose disrupts the 
  
associated ions in the IL [C2mim] [OAc]. The reason for this is presumably the formation of hydrogen bonds 
between the IL and the OH groups from the carbohydrates and the disruption of the ion-ion interactions. It 
can be seen that cellobiose and xylose have almost identical effects, weight for weight, on the resonance 
frequencies of the ionic liquid protons. 
[Figure 4.5 near here]  
 
4.3.1.3 Viscosity 
 
The viscosity measurements of different xylose concentrations (1%, 3%, 5%, 10% and 15%) were measured 
across the range of temperatures 20 °C to 60 °C inclusive. Figure 4.6 shows the experimental data for each 
concentration is plotted as (lnߟ଴) against inverse temperature. Viscosity values increase with xylose weight 
fractions and decrease with temperature. It can be seen that the xylose solutions behave in a remarkably similar 
way to the cellobiose solutions. 
[Figure 4.6 near here] 
 
4.3.1.4 Stokes ± Einstein Analysis 
 
Stokes-Einstein relationship was employed to examine the relationship between the microscopic (diffusion) 
and macroscopic (viscosity) properties of ions and molecules. The hydrodynamic radius, ܴுǡ௜ of ions was 
calculated using Equation 4.3. The values of the effective hydrodynamic radius are for the anion 2.2 Å and 
the cation 2.8 Å 6. These values of ܴுǡ௜ are used in Equation 4.2 with NMR diffusion data to determine the 
FRUUHFWLRQWHUP¦. Figure 4.7 (a, b) shows the correlation between translational diffusion of anions and cations 
and the ratio of temperature (ܭ) to the viscosity (Pa s) for the pure IL [C2mim] [OAc], 15% cellobiose and 
all the xylose concentrations. The cellobiose and xylose solutions follow the Stokes-Einstein Equation. All 
data, the pure ionic liquid, the 15% cellobiose and all the xylose solutions form a single master plot. From 
Figure 4.7 the gradients are used to determine the correction term, ¦, as shown in Figure 4.8. 
 [Figure 4.7 near here] 
 
McLaughlin reported that when the sizes of ions are the same as that of the molecules of the solution, then 
¦ ? ?Ȁ ?EXW¦ LV HTXDO WRZKHQ WKHGLIIXVLQJSDUWLFOH LV ODUJH FRPSDUHG WR WKHPROHFXOHVRI WKHYLVFRXV
medium 12.  Figure 4. 8 presents WKHFRUUHFWLRQ WHUP¦Rf cations and anions as a function of the weight 
  
fraction of xylose. The ¦ for anions is  ? ?Ǥ ? and this indicates that the anions diffuse as expected. The cation 
f is lower, which indicates that the cations are diffusing faster than expected. This suggests that it is the faster 
diffusion of the cation that is the cause of the anomalous diffusion in this ionic liquid. 
 
 [Figure 4.8 near here] 
 
4.3.1.5 NMR Low Field Relaxometry 
 
Low-Field (20MHz) NMR relaxation T1 and T2 of different xylose concentrations (1%, 3%, 5%, 10%, and 
10% of cellobiose) were measured across the range of temperatures 30 °C to 70 °C. Low field NMR 
measurements have an inadequate chemical resolution to distinguish between ions; therefore, the calculated 
values of the relaxation times are an average across both ions. The values of T1 and T2 relaxation times increase 
with an increase in temperature, and decrease with increasing xylose concentration, indicating the loss of 
rotational mobility of the ions with increasing xylose. Figure 4.9 (a, b) shows T1 is very close to T2 for all the 
xylose samples, and that there is insignificant difference between 10% cellobiose results and the 10% xylose 
results. Across all our measurements cellobiose and xylose are practically indistinguishable. At low field 
relaxation, xylose is found to be in the liquid regime across all selected temperatures, meaning the rotation of 
the ions must be fast in comparison to the timescale set by the inverse of the Larmor frequency (20 MHz). 
[Figure 4.9 near here] 
 
4.3.1.6 Stokes-Debye-Einstein Analysis 
 
As mentioned above, low field NMR has insufficient chemical resolution to distinguish between cations and 
anion, therefore in the following analysis, the values of the hydrodynamic radii size, ܴுǡ௜ calculated are an 
averaged value over both ions. Stokes- Einstein-Debye Equation 4.7 was applied to the NMR relaxation times 
to calculate the value of the effective radius of the ions, ܴுǡ௜. Figure 4.10a shows the dependence of relaxation 
times T1 on the ratio of temperature to viscosity (7Ș) for 10% cellobiose and all the xylose concentrations. 
All data collapse together to form one master curve, which shows how similar the cellobiose and xylose 
systems are. The gradient for each concentration is close to the expected unity from Equation 4.7. Figure 4.10b 
shows that same relationship holds almost as well for relaxation times T2. The slope for each concentration 
was used to calculate the value of the effective hydrodynamic radii using Equation 4.7.  
[Figure 4.10 near here] 
  
 
Figure 4.11 shows the hydrodynamic radius calculated from the relaxation times T1 from the xylose solutions 
and the hydrodynamic radius determined from the sample density using12, which gives an average value of 
2.5 Å. It can be seen from Figure 4.11that the value of the effective hydrodynamic radius increases somewhat 
with increase in concentration, though they are not far from the expected 2.5 Å, going between 3.5 Å to 4 Å. 
The size of ions does not in reality change, but their relative ease of motion within these solutions is changing 
and this is being quantified by this parameter. 
 
[Figure 4.11 near here] 
 
4.3.2 Xylan Results 
 
4.3.2.1 NMR Diffusion 
 
The influence of xylan on the diffusion properties of the ions of the IL [C2mim] [OAc] was examined using 
¹H NMR spectroscopy, diffusion, and low field relaxometry, across the temperatures range (20 °C to 70 °C). 
Cellulose data, for comparison, has been taken from ref 49. Temperature increases both the diffusivity of 
cations [C2mim] and anions [OAc], but an increase in concentrations of xylan decreases them. The reason for 
this is that the viscosity is increased by the presence of xylan and decreased by increasing temperature and 
there is an inverse relationship between diffusion and viscosity, through the Stokes-Einstein relationship. 
Figure 4.12 (a, b) shows the diffusion coefficients of cations and anions as a function of the inverse of 
temperature for all the xylan solutions. The values of diffusion coefficients of the imidazolium cations 
[C2mim] is close to that of the acetate anions [OAc]. 
 
 [Figure 4.12 near here] 
 
Figure 4.13 shows that as the temperature is increased the ratio of anion [OAc] to cation [C2mim] diffusivities 
remains constant, with only a slight dependence on the xylan concentration. The 1% and 15% cellulose 
solutions49 are also shown as a comparison with this data displaying a slightly stronger concentration 
dependence and a similar weak temperature dependence. The ratio of anion [OAc] diffusion coefficients to 
that of cation [C2mim] is less than 1, as it was for the xylose samples. The addition of xylan hardly affects the 
value of this ratio. This similar weak concentration dependence suggests a similar dissolving mechanism for 
both carbohydrates, cellulose and xylan, indicating that the reduction in mobility of both ions has the same 
  
source, presumably a change in the local effective micro-viscosity. If the anion experienced more and/or 
stronger interactions with the carbohydrate, say via hydrogen ± bonding, then this would preferentially reduce 
the diffusivity of the anion. 
 
[Figure 4.13 near here] 
 
4.3.2.2 Proton Chemical Shift 
 
In Figure 4.14 the chemical shift results are displayed, for 40 ԨZKHUHįLVWKHUHVRQDQFHIUHTXHQF\IRUD
SURWRQLQSDUWVSHUPLOOLRQSSPDQG¨įLQGLFDWHVWKHFKDQJHRIWKLVIUHTXHQF\IURPWKHSXUH,/>&PLP@
[OAc] positions, caused by the addition of xylan. The anion [OAc] forms hydrogen bonds with the 
carbohydrate, which moves it downfield, rather than remain associated with the protons in the imidazolium 
ULQJ>&PLP@,WLVLQWHUHVWLQJWRQRWHWKDWWKH¨ įRQWKHDddition of xylan is practically identical to the chemical 
shift movements on the addition of cellulose, implying that the dissolution process in both is similar. 
 
[Figure 4.14 near here] 
 
4.3.2.3 Viscosity 
 
The measurements of viscosity of different xylan concentrations (1%, 3%, 5%, 10% and 15%) were measured 
across the range of temperatures from 20 °C to 60 °C inclusive. The viscosity dependence increases with 
adding xylan as would be expected. Figure 4.15 presents the experimental data for each concentration plotted 
as zero-shear viscosity, ߟ଴ against inverse temperature, K. 
[Figure 4.15 near here] 
 
4.3.2.4 Stokes-Einstein Analysis 
 
Stokes-Einstein theory was used to compare diffusion with the viscosity in these xylan solutions, from this 
the FRUUHFWLRQ WHUP¦was calculated using the size of the ions calculated from the solution densities via 
  
Equation 4.312. Figure 4.16 (a, b) shows the correlation between the diffusion coefficients of anions and 
cations and the ratio of temperature to viscosity. The diffusion coefficients of cations and anion of IL [C2mim] 
[OAc] are slowly decreased with an increase in polymer concentration. However, this gradual reduction of 
diffusion coefficients came with a strong increase in viscosity.  
[Figure 4.16 near here] 
 
Figure 4.17 shows the correction term f for cation [C2mim] and anion [OAc] as a function of weight fraction 
of xylan. The correction term decreased with increased xylan concentration. It is interesting to note that the 
DQLRQVKDYH¦ ? ?, so diffuse as expected, but the cations are less than one, this indicates the cations diffuse 
faster than expected. In Figure 4.16 WKH¦GURSVRIIZLWKWKHLQFUHDVHLQ[\ODQFRQFHQWUDWLRQWKLVis due to the 
decoupling between the macroscopic and microscopic viscosities. Macroscopic entanglements are formed at 
concentrations above the overlap concentration and these dramatically increase the sample viscosities, but 
these large structures do not significantly alter the mobility of the ions, being quantified via the diffusion 
coefficients. This difference between what is happening microscopically and macroscopically is driving the 
decrease in f with increase in concentration.  
[Figure 4.17 near here] 
 
4.3.2.5 Low ±Field Relaxometry 
 
Figure 4.18 (a, b) show the low-field relaxation time T1 and T2 plotted as a function of temperature for 15% 
of cellulose and all the xylan concentrations. Here the relaxation T1 and T2 times are in the liquid regime, they 
increase in value with an increase in temperature. Figure 4.18 (a, b) displays the relaxation time measurements 
showing that T2 is slightly less than or approximately equal to T1 at 20 MHz. This suggests that rotational 
motion is the dominant mechanism for NMR relaxation 61. It can see that in Figure 4.18a that an increase in 
xylan concentration decreases T1. The relaxation time T1 is related to the mobility of the ions, with an increase 
here indicating an increase in mobility or, in other words, a decrease in the local micro-viscosity. The values 
of T1 for 15% of the cellulose are positioned between the 5% and 10% xylan concentration results. Therefore, 
the mobility of the ions at 15% of cellulose is higher compared to that of the ions in the 15% xylan solution. 
 
[Figure 4.18 near here] 
 
 
  
4.3.2.6 Stokes-Debye±Einstein Analysis 
 
Experimentally, relaxation times were measured across the temperature (70 °C - 30 °C). As before, Stokes- 
Einstein-Debye Equation was applied to calculate the values for the radius ܴுǡ௜ of ions in these solutions. 
Figure 4.19 (a, b), presents the relationships between relaxation times and the ratio of temperature to viscosity. 
Figure 4.19a presents the relaxation time T1 for all xylan weight fraction combined from different temperatures 
giving a single master plot, while 15% of the cellulose is not connected with them. This is because FHOOXORVH
LVWKHPRVWHIIHFWLYHDWLQFUHDVLQJWKHYLVFRVLW\GXHWRLWVKLJKHUPROHFXODUZHLJKWDVFRPSDUHGZLWKWKH[\ODQ 
Figure 4.19b shows that same relationship holds approximately as well for the relaxation time T2. The effective 
hydrodynamic radii for T1 and T2 is found using Equation 4.6. The values of hydrodynamic radii for all the 
xylan concentrations and all the temperatures T1 is roughly equal to or slightly higher than those found from 
the T2 analysis.  
 
[Figure 4.19 near here] 
 
Figure 4.20 shows the hydrodynamic radii, ܴுǡ௜ values of relaxation time T1 against xylan weight fractions 
(1%, 3% and 5%), and is around 3Å, the values of hydrodynamic radii of ions in high concentrations 10% and 
15% is around 2Å. The values of ܴுǡ௜ decreased with increasing xylan concentrations, because of the greater 
increase of the macroscopic viscosity as compared to the microscopic viscosity that determines the rotational 
correlation times. In this analysis the hydrodynamic radius is quantifying this difference between what is 
occurring macroscopically and microscopically. 66 
 
[Figure 4.20 near here] 
 
4.4 Conclusion 
 
NMR has been employed for the characterisation, through spectroscopy, diffusion and relaxation times, of a 
series of solutions of xylan and xylose in the ionic liquid [C2mim] [Oac]. In the xylose samples the 
selfെdiffusion coefficients of the anions and cations were found to decrease with an increase in xylose weight 
fraction. The diffusion coefficients increased with increase in temperature, as expected. The ratio of the 
  
diffusion coefficient of anions to cations was less than 1 in all our samples. This is referred to as µµDQRPDORXV¶¶
diffusion, because the anion is geometrically smaller than the cation and so would be expected to diffuse faster 
not slower than the cation. It has been suggested that this anion is diffusing as part of an aggregation67. Xylose 
data were compared to published cellobiose data49 to compare and contrast the influence of each on the ions. 
The changes in 1+FKHPLFDOUHVRQDQFHIUHTXHQFLHV¨įIRUSURWRQVLQWKHSUHVHQFHRI[\ORVHLVDOPRVWLGHQWLFDO
to the chemical shift movements caused by cellobiose, which indicates that these carbohydrates have a very 
similar dissolving mechanism. The viscosity measurements and relaxation time data were used to measure the 
effective hydrodynamic radii, using the Stokes-Debye-Einstein relationship. The value of the hydrodynamic 
radii of the ions was between 3.5 Å to 4 Å in the xylose solutions, which is quite close to the expected 2.5 Å. 
 
Solutions of xylan in the ionic liquid [C2mim] [OAc] were examined and these results were compared with 
published data on solutions of cellulose in the same ionic liquid. The mobility of ions in xylan solutions 
decreased with increasing concentration, due to the viscosity being increased by the presence of xylan. The 
ratio of the diffusion coefficient of anion to cation in the xylan mixtures is, as with the xylose and cellulose 
mixtures, less than 1. The proton chemical shift analysis indicates that in the cellulose and xylan mixtures the 
dissolution mechanism is similar; in the case of xylan the cation and anion are though more equally affected 
by the addition of this carbohydrate than they were by the addition of cellulose, which affects the anion 
resonance frequency preferentially more than the cation weight for weight. 
 
The viscosity data was used with diffusion to measure the correction term f in the Stokes-Einstein equation 
4.2, and was used with the NMR relaxation times to calculate the effective hydrodynamic radii for the ions. 
In the xylan system, LWZDVIRXQGWKDWWKHFRUUHFWLRQWHUP¦reduced dramatically with the addition of xylan; 
this is because of the decoupling between the macroscopic and microscopic viscosities, and in particular the 
role of entanglements in dramatically increasing the zero shear rate viscosity. The values of hydrodynamic 
radii of ions were calculated using Equation 4.7. The values found were between 3Å and 2Å in the xylan 
mixtures. 
 
In all our systems the Stokes-Debye-Einstein equations worked remarkably well. It is only on the addition of 
a polymer (xylan / cellulose) above the critical overlap concentration that they begin to fail. Entanglements 
then form that are able to support stress that greatly increases the zero shear rate viscosity, but these structures 
do not significantly affect the mobility of the ions, which is here measured via the diffusion NMR and NMR 
relaxation times. 
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Figure Captions 
 
Figure 4.1 The chemical structure of 1-ethyl-3-methylimidazolium acetate, cations [C2mim]+ and anion 
[OAc]± with the labelling of NMR resonance peaks (1-7).  
Figure 4.2 The chemical structure of carbohydrates (a) cellulose (b) xylan (c) D-xylose and (d) cellobiose. 
Figure 4.3 Arrhenius plots for the diffusion coefficients of (a) anions [OAc] and (b) cations [C2mim], for 
15% cellobiose and all xylose weight fraction. Solid lines represent linear fits to the data and error bars are 
within the symbols used. [CB] means cellobiose. 
Figure 4.4 The ratio of diffusion coefficients of anion to cation as a function of temperature for xylose and 
cellobiose. Solid lines correspond to linear fits and error bars are within the symbols sizes. [CB] means 
cellobiose. 
Figure 4.5 The chemical shift of protons resonances ¨įSSPYHUVXVZHLJKWIUDFWLRQRI[\ORVHDQGFHOORELRVH 
[CB] at 40 °C. Error bars are within the symbols sizes. 
Figure 4.6 The logarithmic plots of the viscosity of pure [C2mim] [OAc] and 15% cellobiose and xylose in 
IL [C2mim] [OAc] solutions versus inverse temperature.  Lines are linear approximations. Error bars are 
within the size of the symbols used. [CB] means cellobiose. 
 
Figure 4.7 NMR diffusion coefficients of (a) cations and (b) anions against the ratio of temperature to the 
viscosity of pure IL [C2mim] [OAc] and 15% cellobiose and all xylose concentrations. Dashed lines are 
provided as visual guide and error bars are within the symbols sizes. [CB] means cellobiose.Figure 4.8 The 
FRUUHFWLRQWHUP¦RIFDWLRQVDQGDQLRQVDVDIXQFWLRQRIZHLJKWIUDFWLRQRI[\ORVH7KHHUURUEDUVDUHLQWKH
same size of symbols used  
Figure 4.9 NMR relaxation times T1 and T2 as a function of temperature at 20 MHz, for all xylose 
concentrations with 10% cellobiose. Error bars are within data size and the dashed lines to guide the eye. [CB] 
means cellobiose. 
Figure 4.10 The relaxation times T1 and T2 dependence on the ratio of temperature to viscosity for 10% 
cellobiose and xylose concentrations. Error bars are within data points. Dashed lines are provided as a visual 
guide. [CB] means cellobiose. 
 
  
Figure 4.11 The experimental values (blue diamond) of effective hydrodynamic of radii as a function of the 
weight fractions of xylose solutions calculated by Equation 4.2. The solid red line shows the hydrodynamic 
radius of the averaged ions of pure IL [C2mim] [OAc] measured by using Equation 4.3. The errors are within 
the size of data points. The solid blue line is a linear fit to the data points.Figure 4.12 The diffusion coefficients 
of cations [C2mim] (a) and anion [OAc] (b) as a function of the inverse of temperature for 15% cellulose and 
xylan concentrations. Dashed lines are linear fits to the data. C means cellulose data.Figure 4.13 Ratio of the 
diffusion coefficient of the anion to the cation as a function of temperature. Solid lines correspond to linear 
fits. Error bars are within the symbols sizes.Figure 4.14 The chemical shift of protons resonances ¨įSSP
versus weight fraction of xylan [X] and cellulose [C] at 40 °C. Error bars are within the symbols sizes. The 
lines are guides to eye.  
Figure 4.15 Logarithmic plots of the viscosity of pure [C2mim] [OAc] and 15% cellulose and xylan in IL 
[C2mim] [OAc] solutions versus inverse temperature. Lines are linear approximations. Error bars are within 
the symbol sizes. [C] means cellulose data.Figure 4.16 NMR diffusion coefficient of anions (a) and cations 
(b) against the ratio of temperature to the viscosity of pure IL [C2mim] [OAc] and 15% cellulose and all xylan 
concentrations. Solid lines are provided as a visual guide and error bars are within the symbols sizes. [C] 
means cellulose data.Figure 4.17 7KHFRUUHFWLRQWHUP¦DVDIXQFWLRQRIZHLJKWIUDFWLRQRI[\ODQ7KHVROLG
lines are provided as a visual guide. Error bars are within the symbols sizes.Figure 4.18 Arrhenius plots for 
relaxation times T1 (a) and T2 (b) against the inverse of temperature, for 15% cellulose and all xylan weight 
fractions. Dashed lines represent straight line fits to the data, and error bars within the symbols sizes. [C] 
means cellulose data.Figure 4.19 The relaxation time T1 dependence on the ratio of temperature to viscosity 
for each xylan, (b) for T2. The error bars are within symbols sizes. The dotted lines are provided as visual 
guide. [C] means cellulose data.Figure 4.20 The experimental values (blue star) of effective hydrodynamic 
of radii as a function of the weight fractions of xylan solutions calculated by Equation 4.2. The solid green 
line shows the hydrodynamic radius of the averaged ions of pure IL [C2mim] [OAc] measured by using 
Equation 4.3. The error bars are within symbols sizes. 
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